Endoderm
Craniofacial development is a highly conserved process that requires complex interactions between neural crest cells (NCCs) and pharyngeal tissues derived from all three germ layers. Signals emanating from the pharyngeal endoderm drive differentiation of NCCs into craniofacial cartilage, and disruption of this process underpins several human craniofacial defects (CFD) . Here, we demonstrate that morpholino (MO)-mediated knockdown in zebrafish of the highly conserved transcription factor grainyhead-like 3 (grhl3), which is selectively expressed in the pharyngeal endoderm, leads to severe hypoplasia of the lower jaw cartilages. Phylogenetic analysis of conserved grhl-binding sites in gene regulatory regions identified endothelin-1 (edn1) as a putative direct grhl3 target gene, and this was confirmed by chromatin precipitation (ChIP) assays in zebrafish embryos. Injection of sub-phenotypic concentrations of MOs targeting both grhl3 and edn1 induced jaw abnormalities, and injection of edn1 mRNA into grhl3-morphants rescued both pharyngeal expression of the downstream effectors of edn1, and jaw cartilage formation. This study sheds new light on the role of endodermal endothelin-1 in vertebrate jaw development, and highlights potential new genetic defects that could underpin human CFD. 
Introduction
Craniofacial defects (CFD) are debilitating, multifactorial developmental abnormalities, which often lead to severe problems in breathing, feeding, social acceptance and in extreme cases even death. Approximately 75% of all children born with congenital malformations display some defect in morphogenesis or development of the craniofacial skeleton (Cordero et al., 2011) . In vertebrates, normal craniofacial formation requires that cells of the cranial neural crest delaminate from the boundary of the neural and non-neural ectoderm of the dorsal neural tube following neurulation, undergo an epithelial-to-mesenchymal transition (EMT) and migrate ventrally into the arches of the pharynx (Trainor, 2005) . These cells are subsequently subjected to numerous patterning signals emanating from all three germ layers of the pharyngeal environment, driving their differentiation into the cartilage, bones and connective tissue of the facial skeleton (Trainor, 2005) .
Craniofacial defects can therefore arise through either cellintrinsic defects within the NCCs, disruption of the migratory paths which the NCCs must traverse to reach the pharynx, or ultimately, failure of signalling to successfully-homed NCCs from within the pharyngeal microenvironment. Whereas environmental causes, such as maternal smoking or alcohol consumption contribute to the aetiology of some CFD, the majority of CFD are thought to be caused by inherent genetic defects (Thesleff, 1998) . Most well-characterised gene families implicated in the aetiology of craniofacial abnormalities, such as components of the TGFb3/BMP, Wnt, Shh and FGF signalling pathways (Kouskoura et al., 2011) , act on NCCs at multiple stages of their journey to reach the pharynx, however once the NCCs have successfully populated the pharyngeal arches, a critical source of patterning and/or pro-survival signals is the pharyngeal endoderm (Couly et al., 2002) . Endoderm-deficient zebrafish mutants such as bonnie and clyde/mixer (Kikuchi et al., 2000) and casanova/sox32 (Kikuchi et al., 2001 ) display complete failure of craniofacial development, and numerous regulatory pharyngeal endoderm-derived patterning signals have been identified, including fgf3/fgf8 (Abu-Issa et al., 2002; Walshe and Mason, 2003) , vgll2a (Johnson et al., 2011) , shh (Haworth et al., 2007; Swartz et al., 2012) and sphingosine-1-phosphate (Balczerski et al., 2012) . Furthermore, endodermderived genes have also been implicated in human craniofacial disorders, including Fraser syndrome (FRAS1) and DiGeorge syndrome (TBX1) (Arnold et al., 2006; Piotrowski et al., 2003; Talbot et al., 2012) , indicating that this tissue is an important source of factors that drive the formation and development of the facial skeleton within vertebrates, although the entire spectrum of endoderm-derived signalling factors, particularly transcription factors which regulate jaw development, remains to be fully characterised.
The highly conserved Grainyhead-like (Grhl) transcription factor family, vertebrate orthologues of the Drosophila gene grainyhead (grh), have been implicated in numerous developmental processes in vertebrates, including neural tube closure (Ting et al., 2003) , epidermal barrier formation (Ting et al., 2005) , embryonic wound healing (Caddy et al., 2010) , eyelid fusion , and neural patterning/ morphogenesis (Dworkin et al., 2012) . These factors can operate as homo or hetero-dimers , and share a highly conserved DNA-binding domain (Wilanowski et al., 2002) . Importantly, the Grhl-factors have also been implicated in several human pathologies to date, most notably hearingloss (Van Laer et al., 2008) and hepatocellular (Tanaka et al., 2008) and squamous cell (Darido et al., 2011) carcinomas. The grh/Grhl genes are also highly conserved in development of the vertebrate craniofacial skeleton, and functionally analogous mouthparts in Drosophila, as loss of grh/Grhl factors in Drosophila (Bray and Kafatos, 1991) , mice (Peyrard-Janvid et al., 2013; Pyrgaki et al., 2011; Rifat et al., 2010) , Xenopus (Cunningham, unpublished) and humans (Kuechler et al., 2011; Peyrard-Janvid et al., 2013) leads to multiple craniofacial defects. Human patients with a microdeletion of a chromosomal region which includes GRHL2 display pleiotropic facial defects consistent with a hypomorphic facial skeleton, (lower jaw) retrognathia and neural crest cell defects (Kuechler et al., 2011) , whereas recent work has uncovered that dominantnegative mutations in GRHL3 are responsible for Van der Woude Syndrome, a disorder characterised by cleft palate due to aberrant elevation and fusion of the upper jaw palatal shelves (Peyrard-Janvid et al., 2013) . However, despite these recent advances characterising the role of the Grhl family in patterning both the upper and lower jaw during facial development, the molecular mechanisms and genetic targets which these genes regulate remain largely unknown.
Here we show that loss of zebrafish grainyhead-like 3 (grhl3), leads to severe craniofacial hypoplasia caused by disruption of the edn1/dlx3/hand2 signalling pathway. Edn1 is a potent vasoconstrictive ligand (Yanagisawa et al., 1988) , which signals through two receptors, Ednra and Ednrb (Clouthier et al., 2010) . Edn1-signalling provides critical instructive cues to the neural crest during the formation of the lower jaw, with Edn1-signalling during lower jaw development being conserved in chick (Kempf et al., 1998) , mouse (Kurihara et al., 1994) and zebrafish (Miller et al., 2000; Nair et al., 2007) . Edn1 is expressed throughout all three germinal layers of the pharynx (Miller et al., 2000) , and although previous transplantation and germ-layer specific deletion experiments in the pharynx have indicated that ectodermal edn1 expression is the key patterning signal for NCCs within the pharyngeal arches (Nair et al., 2007; Tavares et al., 2012) , little is known about the role that endodermal edn1 plays in the development of the craniofacial skeleton. Our work defines a novel role for endoderm-derived edn1 in the survival and proliferation of NCCs, together with the role played by ectoderm-derived edn1 as an NCC patterning signal. These data provide new insights into the genetic regulation of craniofacial development, and further expand on the role of Endothelin-signalling within the vertebrate pharynx.
2.
Materials and methods
Morpholino oligonucleotides (MO) and zebrafish micro-injection
grhl3 ATG-blocking (TGAGAGCCTCAATCTCCTTGGTCAT), exon1/intron1 splice-blocking (TAATCATAACACTTACTCAATCTCC), endothelin-1 (Miller and Kimmel, 2001) or control morpholinos (Dworkin et al., 2012) were micro-injected into the yolks of zebrafish embryos at the 1-2 cell stage. Dosage titration analysis determined that the optimal morpholino concentration, yielding high penetrance of phenotypes (for both grhl3-morpholinos) without high lethality was between 2-2.5 ng/nl (Table S1 ). ATG-blocking morpholinos against edn1 were used at a concentration of 1.5-2 ng/nl as described previously (Miller and Kimmel, 2001) , and full-length endothelin-1 mRNA was injected at a concentration of 30-50 ng/ll. All zebrafish protocols were pre-approved by the Walter and Eliza Hall Institute and Ludwig Institute for Cancer Research/ Department of Surgery, Royal Melbourne Hospital Animal Ethics Committees.
Alcian blue staining
Zebrafish larvae at 96 h post fertilisation (hpf) were fixed in 4% paraformaldehyde (PFA) overnight at 4°C, rinsed in acid alcohol (70% ethanol:1% HCl), and stained for 16 h in 0.1% (w/v) Alcian Blue (Sigma) in 80% ethanol:20% acetic acid. Larvae were washed 4 times with acid alcohol, transferred to PBS and imaged using a Zeiss MRc5 Axiocam and Axiovision imaging software.
Wholemount in situ hybridisation (WISH)
All WISH procedures were conducted as reported previously (Dworkin et al., 2007) , using 20 lg/mL Proteinase K (Sigma) to permeabilise larvae older than 24 hpf.
Scanning Electron Microscopy (SEM)
Zebrafish larvae at 48 hpf were fixed in a solution of 3.5% Glutaraldehyde in 0.1 M phosphate buffered saline (PBS), pH 7.3, overnight at 4°C, washed for 5-6 h in PBS at room temperature (RT), fixed in 2% Osmium Tetroxide for 1 h at RT and washed again in PBS for 15 min. Larvae were next dehydrated in increasing concentrations of acetone (70%, 95% and 100%) for 30 min, and transferred to a critical point dryer. The acetone was replaced with liquid CO 2 , and dried specimens were mounted onto SEM stubs using DAG-T-502 Carbon adhesive paint (Ted Pella, Redding, CA, USA). Lastly, the larvae were coated with gold spray using a Dynavac SC100 sputter-coater to a thickness of $200 Angstroms, before visualisation and imaging in a FEI Quanta Scanning Electron Microscope (ESEM; University of Melbourne).
2.5.
Generation of recombinant grhl3-FLAG and microChIP assay Zebrafish grhl3 cDNA was amplified by RT-PCR of RNA extracted from 18-24hpf WT AB-strain embryos using Phusion polymerase (Finnzymes, Espoo, Finland), cloned into pCRII-TOPO (Invitrogen, Carlsbad, CA) and confirmed by sequencing. Verified full-length coding DNA was sub-cloned into pCS2+ (Turner and Weintraub, 1994) to generate the vector pCS2 + grhl3. To facilitate insertion of sequence encoding a FLAG-tag, the 5 0 coding sequence of grhl3 was mutagenised using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), resulting in a single conservative amino acid change of isoleucine to leucine at codon 5, thereby introducing a Sac1 site (GAGATT to GAGCTC). Complementary oligonucleotides consisting of sequence coding for a BamH1-site, FLAG-tag, the first five codons of grhl3 (including the ATG start codon) and Sac1 restriction site at the 3 0 -end were generated and annealed. Primer sequences were as follows:
Making use of the novel SacI site in grhl3 and a unique BamH1 site 100 bp 5 0 of the translation start site in the pCS2 + vector, BamHI/SacI double digestion facilitated cloning of these double stranded oligonucleotides into pCS2 + grhl3 to generate pCS2 + grhl3-FLAG. The construct was sequenced to confirm in-frame FLAG-tag fusion, verified by micro-injection into the yolk of 1-2 cell zebrafish embryos (not shown), and subsequently utilised for micro-ChIP assay, as described previously (Dworkin et al., 2012 ).
TUNEL staining and EdU Incorporation
Apoptosis (TUNEL) assays were performed using the in situ TMR Cell Death Detection Kit (Roche, Basel, Switzerland) as per manufacturer's instructions. To identify cells in the Sphase of the cell cycle, live embryos (48h pf) were incubated in 2 mM 5-ethynyl-2 0 -deoxyuridine (EdU; Invitrogen, USA)
for 1 h at 28.5°C in embryo medium. Embryos were subsequently washed in fresh embryo medium, anaesthetised in 200 mg/ml benzocaine, fixed in 4% PFA for 16 h at 4°C and permeabilised in 5 lg/mL proteinase K for 15 min. EdU detection was carried out using the Click-iTÒ EdU Alexa FluorÒ 647 kit (Invitrogen, USA) as per the manufacturer's instructions.
Automated quantitation of EdU + proliferating cells
EdU labelled embryos were imaged using an Olympus FV1000 Inverted confocal microscope. Cell counts of positive nuclei within the first and second pharyngeal arches (PA) were collected through z-stacks comprising the full thickness of the pharyngeal arches, and quantitated using IMARIS V7.6.
Results

3.1.
The transcription factor grhl3 is critical for craniofacial development in zebrafish grhl3 is expressed in the medial endoderm and developing endodermal pouches of the pharynx from 16hpf, persisting in the arches until at least 96 hpf ( Fig. 1A-F) . Following injection of an ATG-blocking morpholino (Table S1 ), morphants lacking grhl3 showed facial defects encompassing a severely reduced craniofacial skeleton (Fig. 1G, H) . Visualisation of the ventral face of 48 hpf grhl3-morphants by Scanning Electron Microscopy (SEM) confirmed severe defects in facial formation, particularly the lower jaw, and consequent defects in mouth (Fig. 1I and J) . Alcian Blue cartilage staining ( Fig. 1K and N) confirmed a hypoplastic craniofacial skeleton in grhl3-morphants, including severe hypoplasia of both Meckel's cartilage and the palatoquadrate, with concomitant disruptions of the basihyal, hyosymplectic, ceratohyal and ceratobranchial cartilages. These phenotypic abnormalities were reproduced following injection of an exon1/intron1 grhl3 splice-blocking designed to block zygotic grhl3 expression (Fig. S1 A-C; Fig. S2A-F) . RT-PCR of RNA extracted from larvae (24 hpf) injected with the grhl3 spliceblocking MO using a forward primer in exon 1 and a reverse primer in intron 1 yielded a 247 bp product, which was not amplified from RNA extracted from control MO-injected larvae ( Fig. S1A and B) . As a further control for specificity, we rescued injected ATG-blocking grhl3-injected embryos at the 2-cell stage with 50-100 pg mRNA encoding full-length grhl3, and showed substantial rescue of lower jaw development (Fig. S1C) , confirming that the CFD in our model were due to loss of grhl3.
To determine whether CFD in our model arose through cell-intrinsic defects within the neural crest, we analysed NCC marker gene expression at pre-migratory (sox9b; 10 hpf), migratory (snai1b/tfap2a; 16hpf) and post-migratory (dlx2; 24 hpf) stages of delamination ( Fig. 2A-H) . We found no difference in marker-expression in the grhl3-morphants at any stage of NCC development prior to pharyngeal homing, indicating that NCCs successfully populated the arches. However, we observed an increase in apoptosis within the pharynx of grhl3-morphants at 72 hpf ( Fig. 2I and J 0 ), pointing to a defect in post-homing NCC maintenance. These observations suggest that CFD in our model were likely due to disrupted pharyngeal signalling, consistent with both the observed expression pattern of grhl3, and the known role of the pharyngeal endoderm in providing pro-survival signals for NCCs within the pharyngeal arches (Brito et al., 2006; Johnson et al., 2011) .
Endothelin-1 is a direct grhl3 target gene
To identify putative downstream targets of grhl3, we utilised a phylogenetic approach based on the conservation of the consensus DNA binding site of the Grhl factors, from Drosophila to humans (AACCGGTT; underlined nucleotides being invariant). This sequence was used to interrogate a customised dataset of genomic regions located within 10 kb upstream of annotated gene transcriptional start sites (TSS), identifying gene promoter binding sites that were conserved across multiple species. We have successfully used this approach previously to identify numerous downstream mediators of grhl/Grhl signalling in zebrafish (Dworkin et al., 2012) , mouse (Caddy et al., 2010; Ting et al., 2005 Ting et al., , 2003 and humans (Darido et al., 2011; Wilanowski et al., 2008) . Utilising this dataset, we identified endothelin-1 (edn1) as a candidate grhl3-target gene in zebrafish craniofacial development. Neither gene is maternally expressed, however zygotic grhl3 is expressed within the medial endoderm and temporally before edn1 in the developing endodermal pouches by 18hpf, after which time grhl3 expression is restricted to the medial endoderm, and endodermal edn1 expression persists in the pouches; the expression of both genes continues throughout the maturing pharyngeal arches from 48hpf-96hpf (Thisse and Thisse, 2004) . Like grhl3, edn1 is not expressed in zebrafish NCCs (Clouthier et al., 2010) ; however, it is expressed throughout all three germ layers of the pharynx, and is known to play critical roles in the formation of the craniofacial skeleton across numerous vertebrate species (Kempf et al., 1998; Kurihara et al., 1994; Miller et al., 2000) .
To confirm that edn1 was a direct grhl3 target, we performed micro-ChIP analysis on zebrafish embryos expressing a FLAG-tagged grhl3 protein (grhl3-FLAG) with primer pairs spanning each of the four potential grhl3 binding sites within the edn1 promoter (positions À2707 to À2700, À1835 to À1828, À697 to À690 and À429 to À422, relative to the TSS). Three of these predicted sites showed enrichment over a control sequence (Fig. 3A) , indicating that grhl3 binds to the edn1 promoter in vivo. Next, to determine whether grhl3 down-regulation impacted on expression of edn1 and its key downstream effectors dlx3 and hand2, which are both lost in the edn1-deficient zebrafish mutant, sucker (Miller et al., 2000) , we performed whole-mount in situ hybridisation (WISH) on embryos injected with either the grhl3 ATG-blocking ( Fig. 3B-G) or splice-blocking ( Fig. S2G-N) MO at 26hpf, and showed that the expression of edn1, dlx3 and hand2 were all markedly reduced in the endodermal pouches of grhl3-morphants.
In order to examine whether grhl3 and edn1 functioned in a linear pathway, we injected MOs to the two factors at concentrations which individually gave no phenotype (25-75 ng/ll each MO; ''sub-phenotypic doses''), and examined craniofacial development at 96 hpf. These ''double-morphants'' exhibited phenotypic similarity in appearance to grhl3-morphants, namely edn1-pathway marker (dlx3) loss, hypoplasia of Meckel's cartilage and the palatoquadrate and disruption of the ceratohyal, basihyal and the ceratobranchials (Fig. 4A-D) , which were not observed in control larvae injected with sub-phenotypic dose combinations of either the edn1 and control MOs (Fig. 4E-H) , or the grhl3 and control MOs (Fig. 4I-L) . Furthermore, grhl3/edn1 double-morphants exhibited jaw-joint loss (particularly the joint between the PA1-derived Meckel's cartilage and palatoquadrate; Fig. 4D ), a hallmark of edn1-deficiency Nair et al., 2007) , further indicating that grhl3 is epistatic to edn1.
Endoderm-derived Endothelin-1 is a key effector of grhl3 signalling in craniofacial development
The single allele of edn1 in the zebrafish edn1-deficient mutant sucker consists of a single amino acid change, resulting in the production of non-functional edn1 protein (Miller et al., 2000) . Sucker mutants present with near-complete ventral cartilage deletion and loss of the jaw-joint between the Meckel's cartilage and palatoquadrate. Although our double morphants shared some phenotypic similarities with sucker, namely joint loss and down-regulated dlx3 expression within the arches, the complete lower-jaw loss in sucker mutants was a more severe phenotype than the lower jaw hypoplasia seen in either grhl3-morphants or grhl3/edn1 double morphants. We speculated that this was due to the fact that grhl3-morphants would continue to express the key patterning source of edn1 (from the ectoderm) normally, whereas sucker mutants did not express functional edn1 protein from any germ layer. To test this hypothesis, we analysed the expression of edn1 in grhl3-morphants at 22hpf (Fig. 4M) , as our previous analyses showed that edn1 was strongly down-regulated in all 3 pharyngeal layers of grhl3-morphants by 26hpf. As a positive control for loss of endoderm-derived edn1, we also injected 1-2 cell embryos with a (previously-described) MO targeting sox32, a gene essential for endoderm development (Fig. 4N ) (Dickmeis et al., 2001) . Importantly, the early expression of ectodermal edn1 is not affected in sox32-morphants (Balczerski et al., 2012) . As predicted, the expression of edn1 in the pharyngeal ectoderm of arch 1 did not differ between grhl3-morphants and sox32-morphants, although both morphants clearly exhibited compromised edn1-expression relative to controls (Fig. 4O) . Together with the complete loss of edn1-observed within the pharyngeal arches by 26hpf (Fig. 3B ), these data suggest that inhibition of grhl3 may lead to disruption of the co-operative/combinatorial endoderm-ectoderm edn1-signalling required for normal jaw development. To confirm that edn1 was a key downstream effector of grhl3, we performed rescue experiments by re-injecting grhl3-morphants with edn1 mRNA and examining the expression patterns of downstream targets and cartilage formation. Expression of edn1, dlx3 and hand2 was restored in edn1 injected grhl3-morphants (Fig. 5A-F) . Ventral cartilage formation was also rescued in the majority of these embryos, although the Meckel's cartilage tended to be shorter and broader than either WT or grhl3-rescued animals, and the rescue of ceratohyal formation was also less complete ( Fig. 5G-J) . We quantitated the degree of rescue as being near wild-type (WT), mild residual defect (slight broadening and shortening of the lower jaw cartilage), moderate defect (moderate widening and shortening of lower jaw, some loss of ceratobranchials) or severe defect (major structural malformations, significant hypoplasia of Meckel's cartilage and ceratohyal, complete loss of ceratobranchials; Fig. 5K ). Edn1-rescued grhl3-morphants showed a significant increase in the number of fish with jaw development closely resembling WT (50/69; 72.5%) compared to non-rescued grhl3-morphants (96/211; is lost in grhl3 morphants at 24 hpf, as is expression of dlx3 (D, E) and hand2 (F, G), although note persistent expression of dlx3 in the olfactory placode (op) and otic vesicles (ov), and hand2 within the heart (h).
(1-2; pharyngeal arches 1-2).
45.5%, p < 0.01), as well as a significant reduction in the number of fish with mild (6/69; 8.7%, p < 0. The expression of edn1 at 22 hpf in grhl3-morphants (M) is similar to that in endoderm-deficient sox32-morphants (N); both morphants continue to express edn1 in the ectoderm of the first arch (green arrows) but exhibit greatly reduced or absent edn1 expression in the endodermal pouches of both the first and subsequent arches (red arrows) relative to controls (O).
grhl3-knockdown. Both qualitative observation (Fig. 6A-C  0 ) , and automated densitometric quantitation ( Fig. 6D and Fig. S3 ), indicated that the number of cells in S-phase of the cell cycle was significantly reduced in grhl3-morphants relative to controls (p < 0.01), whereas this number was restored to WT levels in edn1-rescued grhl3-morphants (p < 0.05). No significant differences existed between controls and edn1-rescued grhl3-morphants (p = 0.36). Taken together, our results show that endodermal edn1 is required to maintain adequate numbers of NCCs within the pharyngeal arches to allow for subsequent differentiation into the complete craniofacial skeleton.
Discussion
grhl3 regulates endodermal edn1 in the context of craniofacial development
Our study describes a novel role for grhl3, a member of a highly-conserved transcription factor family, in the growth and development of the craniofacial skeleton. We show that loss of grhl3 leads to disrupted development of facial cartilages, and that grhl3-mediated regulation of endodermderived edn1 is required for the survival and expansion of NCCs which have populated the arches. Moreover, similar phenotypic defects in mouth development (to those we show by SEM analysis of grhl3-morphants) have been described; these were also attributed to NCC defects as a result of an aberrant pharyngeal endoderm (Piotrowski and NussleinVolhard, 2000) . As NCC apoptosis underpins numerous CFD, such as Treacher-Collins Syndrome (Jones et al., 2008) , the maintenance of NCC numbers within the arches is critical for correct craniofacial development. Furthermore, disruption of many housekeeping genes in zebrafish (identified via a large-scale insertional mutagenesis screen) (Amsterdam et al., 1999; Golling et al., 2002) , which regulate basic cellular processes such as proliferation and apoptosis, also leads to craniofacial defects, including reduction of the ventral cartilages (Nissen et al., 2006) , Our study suggests a novel pathway which may be important in the aetiology of human CFD caused by impaired survival and/or proliferation of successfully-homed NCCs within the pharynx.
Although grhl3-morphants share some phenotypic similarities with the zebrafish edn1-deficient mutant sucker, namely down-regulation of hand2 and dlx3 expression and non-inflation of the swim bladder, our model does not phenocopy sucker or other vertebrate models with complete loss of edn1 function, particularly with respect to the complete loss of the lower-jaw (Kempf et al., 1998; Kurihara et al., 1994; Miller et al., 2000) . However, murine studies indicate that edn1-signalling is only required during a short temporal window (E8.0-E9.0 in mouse) to correctly pattern the lower jaw (Ruest and Clouthier, 2009; Ruest et al., 2005) . Previous work showed that the critical source of edn1-signalling for jaw patterning is the pharyngeal ectoderm (Nair et al., 2007; Tavares et al., 2012) , and as the initial ectodermal expression of edn1 is not affected in grhl3-morphants, it is not surprising that we do not observe this phenotype. However, our study shares phenotypic parallels with previous work characterising an G and H, lateral views; ventral views; 96 hpf; ep, ethmoid plate; hs, hyosymplectic; mc, Meckel's cartilage; pq, palatoquadrate; bh, basihyal; ch, ceratohyal; Quantitation of rescue of lower jaw phenotypes following edn1 mRNA injection into grhl3-morphants. The proportion of phenotypically-WT fish is significantly increased in edn1-rescued grhl3-morphants; (+) compared to non-rescued morphants (À); similarly, the proportion of fish displaying either mild or severe defects is significantly reduced in edn1-rescued morphants. shows that grhl3-morphants exhibit decreased proliferation in the lower-jaw primordium of the pharyngeal arches (dotted regions) relative to controls (A and B 0 ); this proliferation is restored to WT levels in edn1-rescued grhl3-morphants (C-C 0 ).
These data were quantitated using unpaired t-test with Welch's correction (D). (E) Our model suggests that endodermal edn1, regulated by grhl3, is required in order to provide pro-proliferative/survival signals for NCCs within the pharyngeal arches. This interaction may be direct, via homeostatic maintenance of total pharyngeal edn1-signalling, or through both mechanisms, in order to provide to allow subsequent NCC differentiation into the complete craniofacial skeleton.
upstream regulator of edn1, the zebrafish mutant dirty south (dys), which harbors an insertion in the gene encoding the scaffolding protein wdr68 (Nissen et al., 2006) . Like grhl3, loss of wdr68 in dys leads to variable reduction or loss of ventral cartilages, even though dys mutants also do not phenocopy sucker. This study is highly consistent with our data showing that a decrease (albeit not complete loss) of edn1 signalling leads to a reduction of ventral cartilage, and although the dirty south mutant shows more severe reduction of ventral cartilages than those we describe in this study, this is due to the fact that unlike grhl3, wdr68 is ubiquitously expressed, including throughout all germ layers of the pharynx, resulting in a more complete spatiotemporal reduction in edn1 signalling than that seen in grhl3-morphants. Several lines of evidence show that ectodermal edn1 alone is insufficient to completely regulate craniofacial development, and that endodermal edn1 must play a role. Firstly, transplant of WT cells fated to become ectoderm into sucker achieves only relatively minor rescue of cartilage development (Nair et al., 2007) . Secondly, zebrafish sox32-morphants, which never form endoderm (Dickmeis et al., 2001 ) maintain normal ectodermal edn1 expression but do not form craniofacial cartilage, despite unimpaired migration of NCC into the arches (Balczerski et al., 2012) . Together, these studies indicate that the ectoderm is an insufficient source of edn1 to completely regulate craniofacial development, and suggest that endoderm-derived edn1 may be required to either stimulate NCC survival/proliferation directly following ectodermal edn1-patterning cues, or perhaps to maintain homeostatic edn1 signalling during the growth and development of the lower jaw.
4.2.
The grh/Grhl genes are developmentally conserved regulators of craniofacial development Our work provides evidence that a member of the grhl family, grhl3, in zebrafish regulates formation of the lowerjaw skeleton, expanding on previous studies which have suggested a role for Grhl-genes in craniofacial development. A recent study has shown that loss of Grhl3 in mouse, and dominant-negative Grhl3 expression in humans leads to defects in the upper jaw, particularly aberrant palatal shelf elevation resulting in cleft palate (Peyrard-Janvid et al., 2013) . This is due to defective formation of the ectoderm-derived oral periderm, although lower jaw development in both mouse and human was not affected (Peyrard-Janvid et al., 2013) . Although this may appear at odds with our study, as grhl3 in zebrafish is also expressed at earlier developmental stages in the ectoderm-derived periderm (de la Garza et al., 2012) , prior to the onset of grhl3 expression within the pharyngeal endoderm, it is likely that any upper jaw defects we observe in our model arise as a result of early grhl3-downregulation in this tissue, consistent with the previous studies. Importantly, however these defects are independent of the role that the pharyngeal-endoderm expressed grhl3-edn1 pathway plays in growth and extension of the lower jaw.
Although mammalian Grhl3 has never been implicated in lower jaw development, despite numerous studies examining Grhl3 loss in mice (Ting et al., 2005 (Ting et al., , 2003 Yu et al., 2006) , loss of Grhl2 in a murine model leads to severe pleiotropic defects, including CFD such as cleft palate and reduced mandible size (Pyrgaki et al., 2011) . Further evidence that Grhl2 in mammals may regulate lower jaw development comes from a study examining 5 human patients with a chromosomal deletion of a region of chromosome 8, containing the Grhl2 gene. This study noted numerous CFD within all 5 patients, including 3 patients with retrognathia (Kuechler et al., 2011) . Although this chromosomal region contained 9 genes, no gene other than GRHL2 has been previously implicated in craniofacial abnormalities. Suggestively, none of these patients presented with significant upper jaw defects. These data, together with previous studies which noted strong expression of Grhl2 within the pharyngeal arches (Brouns et al., 2011) and throughout the early pharyngeal endoderm in mouse (Auden et al., 2006) leads to the possibility that grhl3 in zebrafish and Grhl2 in mammals (rather than Grhl3) regulate development of the lower jaw, whereas mammalian Grhl3 is a regulator of upper jaw development. Further work in mouse models will be necessary to precisely delineate the expression of both factors, and the use of conditional deletion and genetic epistasis approaches will determine whether they may play co-operative, or redundant roles in the context of craniofacial patterning and growth.
grhl3 is required for homeostatic edn1 signalling in the pharynx
Our data show that endoderm-derived endothelin is critical for NCC maintenance, consistent with known roles of edn1 as both a pro-proliferative and pro-survival factor (Rosano et al., 2013) . grhl3 therefore appears to play a similar role to other endoderm-derived signals such as sphingosine-1-phosphate (Balczerski et al., 2012) and shh (Balczerski et al., 2012; Haworth et al., 2007) , which regulate the growth/development but not the initial patterning of the craniofacial skeleton. This is also consistent with the known roles of grh/grhl factors as pro-survival signals in other tissues during development (Cenci and Gould, 2005; Dworkin et al., 2012) . Our data suggests either that endodermal edn1 expression acts directly on NCCs to promote their growth and proliferation, or perhaps that the loss of endodermal edn1 signalling leads to disruption of homeostatic edn1-signalling in the pharynx (Fig. 6E) . This would allow fine-tuning of the tight spatio-temporal and dose-dependent requirements for endothelin signalling as craniofacial development proceeds . Previous studies have characterised such endodermectoderm homeostatic mechanisms within the pharynx, e.g., endoderm-derived sonic hedgehog (Shh) is critical for regulating FGF8 signalling from the ectoderm (Haworth et al., 2007) . Furthermore, although we show that FLAG-tagged grhl3 binds to several sites within the edn1 promoter in vivo, we cannot rule out the possibility that grhl3 may also regulate edn1 indirectly, through a functional intermediary in the medial endoderm; such a pathway would naturally also impact on the spatiotemporal regulation of edn1.
The pharyngeal ectoderm expresses the edn1 receptor (ednra1) in an edn1-dependent manner (Nair et al., 2007) , indicating that it is competent to respond to edn1-signalling. Furthermore, and also consistent with an interaction/feedback hypothesis, deletion of edn1 in all three germinal layers of the murine pharynx (through Cre-lox mediated deletion) yielded a more severe phenotype than ectodermal Edn1-deletion alone, despite the fact that deletion of Edn1 in mesoderm or endoderm alone led to no patterning defects (Tavares et al., 2012) . However, in this setting, phenotypes arising from endodermal deletion were obscured by the use of Tamoxifen to induce Cre-recombinase (FoxA2-Cre-ERT2). As injection of mothers with Tamoxifen leads to embryo death by embryonic day (E) 13.5 (a timepoint well-before the completion of complete lower jaw growth and extension), the consequences of endodermal edn1 loss alone for late jaw growth could not be analysed. Further studies using a non-inducible Cre-driver for endoderm deletion may be required to determine precise temporal roles of for Edn1 in the endoderm.
Taken together, these studies highlight the complex nature and regulation of edn1 signalling in the pharynx, and reinforce the importance of the endoderm in maintaining the correct co-operative signalling environment for craniofacial development. As peri-natal inhibition of NCC apoptosis in a mouse model of the human neurocristopathy TreacherCollins syndrome can significantly ameliorate the phenotypic incidence and severity of disease at birth (Jones et al., 2008) , the identification of genetic mechanisms which ensure neural crest integrity within the pharynx appeal as attractive targets for preventative therapy of human pathologies underpinned by neural crest cell death.
